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The o r i g i n a l  focus  of t h i s  r e sea rch  involved very b a s i c  ques t ions ,  such 
as : 
- What does t h e  AVHRR "greenness index" (Normalized Dif fe rence  Vegetat ion 
Index, NDVI) a c t u a l l y  r ep resen t?  
- How do annual  and monthly NDVI va lues  compare w i t h  measured and modeled 
b iosphere  phenomena such as primary p r o d u c t i v i t y  and s tanding  biomass? 
- What s o r t  of f ie ldwork is  needed? What o t h e r  d a t a ?  ~ 
- How can s a t e l l i t e  d a t a  and modeling approaches be made mutually 
compatible and complementary? 
Some more advanced ques t ions  were a l s o  posed, f o r  example: 
- Can above-ground, s a t e l l i t e - s e n s e d  v a l u e s  be combined wi th  modeling 
r e s u l t s  t o  estimate non-green and/or  below-ground biomass components? 
- How can s a t e l l i t e  d a t a  and modeling techniques  be combined f o r  b e t t e r ,  
perhaps se l f - co r rec t ing ,  more real-world estimates of biosphere p a t t e r n s  
(including changes in  vegetation, carbon-balance components, e t c . ) ?  
Work w a s  hampered by two unexpected problems a t  t h e  Univers i ty  of Georgia: 
1. an  i n c r e a s e  i n  teaching loads  dur ing  t h e  f i r s t  two yea r s  of t h e  g r a n t  
(1985-1987), t o  seven courses  pe r  yea r ;  and 
2 .  a two-year c o l l a p s e  (on one month n o t i c e )  i n  t h e  a b i l i t y  t o  s t o r e  
l a r g e  da t a - se t s  on t h e  UGa mainframe computer system (autumn 1985 t o  
summer 1987).  
These problems r e s u l t e d  i n  funding for only  two yea r s  i n s t ead  of t h r e e ,  w i t h  
1986 funding c a r r i e d  over through 1987. Never the less ,  t h e r e  were some 
accomplishments, as descr ibed i n  t h e  fo l lowing  sect2ons.  
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Progress dur ing  1985 
Fi rs t -year  e f f o r t s  (before  t h e  s t o r a g e  c o l l a p s e )  produced t h e  fo l lowing  
r e s u l t s  : 
- a much improved world climatic data-base f o r  modeling and p r e d i c t i v e  
mapping (more si tes,  b e t t e r  physiographic r e p r e s e n t a t i o n ,  e t c . ) ;  from 
t h i s  a l a r g e r ,  improved s imula t ion  of terrestrial  b iosphe r i c  carbon 
balance ( n a t u r a l  vege ta t ion )  w a s  produced, f o r  comparison wi th  s a t e l l i t e  
d a t a  (Box 1986).  This  data-base comprises 1600 s i tes  (cf  Box 1981). 
- improvements i n  t h e  ind iv idua l  process  models (primary p roduc t iv i ty ,  
decomposition, e t c . )  and t h e  o v e r a l l  carbon-balance model (cf previous 
i t e m ;  see a l s o  Box 1978 and Box, i n  p r e s s ) .  
- much improved i n t e r f a c e  sof tware  f o r  mapping t h e  s imula t ion  r e s u l t s ,  
conversion t o  NASA formats  f o r  co lor  d i s p l a y  a t  NASA-Goddard, and f o r  
mapping a t  NASA-Goddard. 
I n  add i t ion ,  s a t e l l i t e  d a t a  were  combined w i t h  t h e  g l o b a l  c l i m a t i c  and 
s imula t ion  d a t a  t o  provide a f i r s t  g loba l  data-base.  S t a t i s t i c a l  a n a l y s i s  
of t h i s  data-base w a s  begun, involving r e l a t i o n s h i p s  between NDVI greenness  
va lues  and corresponding biomass, p roduc t iv i ty ,  b i o c l i m a t i c ,  and o the r  
carbon balance d a t a .  Production of an i n i t i a l  series of monthly p r e d i c t i v e  
maps was precluded by t h e  l o s s  of computer s t o r a g e  space  a t  Georgia. 
Progress  dur ing  1986 
A s  a r e s u l t  of the computing problems, mapping w a s  s h i f t e d  t o  NASA-Goddard 
i n  1986 and t h e  i n i t i a l  approach involving p a t t e r n  comparisons w a s  modified 
t o  a more s t a t i s t i ca l  approach, involving g e o s t a t i s t i c a l  a n a l y s i s  w i th in  a 
framework of b ioc l imat ic -ecologica l  r e g i o n a l i z a t i o n .  A major accomplishment 
i n  1986 w a s  t h e  expansion and improvement ( re -eva lua t ion  of d a t a ,  s tandard iza-  
t i o n ,  e t c . )  of a g loba l  data-base of measurements of biomass and primary 
product ion,  t o  complement t h e  s imula t ion  d a t a .  Once t h e  unuseable NDVI 
sites were reiiioved (due t o  mixed p i x e l s ,  c o a s t a l / i s l a n d  s i t u a t i o n s ,  e tc . ) ,  
these data-bases inyolved about 1QQ v a l i d  measurerpent s i tes (with above- 
ground and Exelow-ground btomass and production1 and 1021 s imula t fon  - 
sites. I n i t i a l  s ta t fs t fcal  results and sca t t e rg rams  suggested s t ronges t  
NDVI r e l a t i o n s h i p s  t o  n e t  and g r o s s  primary p r o d u c t i v i t y  and r e l a t i v e l y  
l i t t l e  r e l a t i o n s h i p  t o  s t and ing  b2omass amounts Cdue t o  t h e  l a c k  of a temporal 
component i n  biomass comparable t o  annual/monthly sums of product ion) .  
i n i t i a l  s t a t i s t i c a l  r e s u l t s  suggested t h a t  t h e  accuracy of models which 
might be developed f o r  primary p roduc t iv i ty ,  based on t h e  NDYI, would be 
The 
about as accura t e  as t h e  climate-based earlier models (r = about  0.80 f o r  
g loba l  models). S ince  climate p r e d i c t s  t h e  p o t e n t i a l  f u n c t i o n s  of a 
na tu ra l "  biosphere and s a t e l l i t e  d a t a  i n d i c a t e  f u n c t i o n s  of t h e  vege ta t ion  11 
cover a c t u a l l y  t h e r e ,  t h e r e  seemed t o  be good p o t e n t i a l  f o r  combining t h e s e  
approaches f o r  improved e s t ima t ion  of biosphere phenomena. 
Progress  during 1987 
The main accomplishments dur ing  1987 included the fo l lowing:  
- product ion of a new master t a p e  w i t h  a l l  environmental  and s a t e l l i t e  
data (annual and monthly) and model resu l t s  for the 1600 sites,  i o r  
use  i n  mapping and p a t t e r n  comparison a t  NASA-Goddard. This  represented  
. t h e  newest ve r s ion  of t h e  s imula t ion  model, as publ i shed  (.Box, i n  p r e s s ) .  
- development of a complete mapping system as Goddard: base  maps, p r o j e c t i o n  
sof tware ,  c o l o r  and contouring schemes f o r  t h e  i n d i v i d u a l  phenomena, 
data-bases i n  Goddard formats ,  improvements i n  s p a t i a l  i n t e r p o l a t i o n s ,  
e t c .  This  was used f o r  i n i t i a l  co lo r  maps comparing annual  and monthly 
p a t t e r n s  of t h e  N D V I ,  a c t u a l  evapo t ransp i r a t ion ,  n e t  primary p roduc t iv i ty ,  
g ross  primary p roduc t iv i ty ,  and n e t  ecosystem productfon (i.e. n e t  C02 
f l u x  between v e g e t a t i o n  and atmosphere, c f .  Tucker et  a l .  19.86, Fung e t  
a l .  1987).  
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- c o l l e c t i o n  of s t i l l  more biospheremeasurements  f o r  eyen tua l  
improvement of the h i o l o g i c a l  models. 
- development of s o m e  i n i t i a l  monthly models f o r  primary p roduc t iv i ty ,  
based on sa te l l i t e  da ta .  
I n  a d d i t i o n ,  e f f e c t s  of d i f f e r e n t  v e g e t a t i o n  s t r u c t u r e s  on model r e s u l t s  
were s tud ied  (Box 1987), and several p r e s e n t a t i o n s  of r e s u l t s  were made 
(see l is t  of p re sen ta t ions ,  below). 
d r a f t e d  and submitted i n  e a r l y  1988 (Box et  a l . ,  i n  review).  Actual  r e s u l t s  
An i n i t i a l  summarizing manuscript  w a s  
and impl i ca t ions  are  d iscussed  below. 
Resu l t s  
One d i f f e r e n c e  between t h e  b iosphere  carhon-balance model used here 
( G i l l e t e  and Box 1986; Box, i n  p r e s s )  and o t h e r  biosphere models involved 
t h e  ques t ion  of s i g n i f i c a n t  C02 f l u x  s e a s o n a l i t y  i n  t h e  t r o p i c s  (e .g .  
Houghton 1987b). The s imulated carbon balance f o r  a t r o p i c a l  wet-dry 
s i t e  is  shown i n  Figure 1 and appears  t o  be  t y p i c a l  of a l a r g e  area of so- 
c a l l e d  t r o p i c a l  summer-rain climates (o r  Kb'ppen's Aw c l i m a t e s ) .  This 
s imula t ion  r e s u l t ,  w i th  g ross  product ion (photosynthes is )  e s s e n t i a l l y  
s h u t t i n g  down during t h e  long d ry  season  (deciduous v e g e t a t i o n ) ,  w i th  
r e s p i r a t i o n  and decomposition cont inuing  ( a t  least somewhat), c l e a r l y  
i n d i c a t e s  a s t rong  seasonal  reversal i n  t h e  n e t  C02 f l u x  which has  not been 
p red ic t ed  by o t h e r s '  models. Such a s t r o n g  seasonal  change in p r o d u c t i v i t y  
w a s  c l e a r l y  evident  on t h e  Afr ican  savanna imagery of Tucker et a l .  (1985). 
Another quest ion i n  carbon-balance modeling involved the somewhat 
unexpected model r e s u l t  showing a northward moving wave of n e t  CO 
i n  spr ingt ime i n  t h e  no r the rn  temperate  zone, preceding the  es tah l i shment  
of s t r o n g  growing-season C02 s i n k s  An these areas (see F igure  2 ) .  It w a s  
f ea red  t h a t  t h i s  might be a modeling a r t i f a c t ,  s i n c e  t h e  ba lance  of sepa ra t e ly  
release 2 
5 
simulated roces  es could be  r a t h e r  s e n s i t i y e  mathpmnt,:; y. Houghton 
(.1987a, 1987b1, howeyer, has  recently publ i shed  r e s u l t s  from j u s t  such  a 
s i t u a t i o n  (Brookhaven f o r e s t ,  on Long I s l and)  which show an even l a r g e r  
"spring puf f"  e f f e c t  of CO This  
f o r t u i t o u s  p u b l i c a t i o n  of da t a  s t rengthened  confidence i n  the model by 
showing t h a t  it is  produclng reasonable  r e s u l t s  even i n  a s i t u a t f o n  which 
p r e d i c t a b l y  might be one of t h e  most s e n s i t i v e .  
release than  i n  t h e  biosphere model. 2 
As f o r  t h e  NDVI ,  i n i t i a l  c o r r e l a t i o n  r e s u l t s  suggested good r e l a t i o n -  
s h i p s  t o  primary p roduc t iv i ty  but a l s o  t o  a c t u a l  evapo t ransp i r a t ion  (AET) . 
Since AET is  more "basic" than  primary product ion ( o f t e n  being used as a 
p r e d i c t o r  of product ion) ,  AET w a s  used as t h e  b a s i s  f o r  an i n i t i a l  g l o b a l  
t r e n d  r e l a t i o n s h i p  w i t h  whtch t o  e v a l u a t e  d e v i a t i o n s  caused by topography, 
land  use ,  v e g e t a t i o n  e f f e c t s ,  etc. (see Figure  3 ) .  I n  looking at t h e  s i tes  
i n  F igure  3 ,  however, one can imagine e a s i l y  that there may be a t  least  two 
d i s t i n c t  popu la t ions  of p o i n t s  i n  t h e  g l o b a l  da t a ,  one i n  t h e  t r o p i c s  and 
one o u t s i d e  t h e  t r o p i c s .  
i n  d i f f e r e n t  reg ions  (see Box e t  a l . ,  i n  review). This problem cannot be 
resolved a t  t h i s  time and r equ i r e s  fur ther  s tudy.  
This r e s u l t  w a s  suggested a l s o  by t h e  d e v i a t i o n s  
Both t h e  measurement and s imula t ion  data-bases  w e r e  equipped (dur ing  
1987) w i t h  s i t e  codes descr ib ing  t h e  l o c a l  topography, a l t i t u d i n a l  b e l t ,  
and l and  u s e  as w e l l  as vege ta t ion  s t r u c t u r e ,  type ,  and s e a s o n a l i t y  ( s e e  Tables  
1 and 2). These codes were used t o  s tudy  d e v i a t i o n s  from the g l o b a l  t r e n d  
and a l s o  appear  on sca t te rgrams,  as a means of r e g i o n a l i z i n g  t h e  r e s u l t s .  
The f i n a l  r e l a t i o n s h i p  between t h e  c u r r e n t  GVI-product NDVI  CTarpley e t  a l .  
1984) ,  as composited f o r  t h i s  work by Brent Holhen (NASA Goddard), and 
s i t e  measurements of n e t  primary product ion  (both on an annual  b a s i s )  is 
shown i n  F igure  4 ,  w i t h  vege ta t ion  symbolism der ived  from t h e  s i t e  codes.  
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One can see that there i s  a r e l a t i v e l y  good f i t  but  w i t h  some s c a t t e r ,  
q u i t e  comparable t o  that on earlter sca t t e rg rams  of n e t  product ion ye r sus  
AET o r  o t h e r  c l l m a t i c  v a r i a b l e s  Ce.g. L i e t h  and Box 195’2, L i e t h  1975). 
The vege ta t ion  symbolism, though, sugges ts  one problem, namely t h a t  evergreen 
needle-leaved f o r e s t s  and woodlands tend t o  show c o n s i s t e n t l y  higher  green- 
ness  l e v e l s  t han  might be expected from t h e  p r o d u c t i v i t y  va lues .  
p r e d i c t a b l e  r e s u l t  (Box 1 9 8 4 ) ,  however, seems t o  be the only  case  of 
c o n s i s t e n t  b i a s  based on vege ta t ion  s t r u c t u r e  i n  the c u r r e n t  global data-base.  
Simulated n e t  primary p roduc t iv i ty  i s  p l o t t e d  a g a i n s t  NDVI (annual l e v e l s )  
i n  Figure 5 ,  which shows a similar r e l a t i o n s h i p  between t h e  two v a r i a b l e s  
(but  f o r  947 sites i n s t e a d  of 95) .  Annual g r o s s  pr imary p roduc t iv i ty ,  as 
est imated by a climate-based model (L ie th  and Box 19771, showed a s i m i l a r  
s a t u r a t i o n - l i k e  r e l a t i o n s h i p  t o  annual NDVI . 
This 
Cor re l a t ion  c o e f f i c i e n t s  of the v a r i o u s  b iosphere  v a r i a b l e s  versus  
annual ly  i n t e g r a t e d  NDVI are summarized i n  Table  3 .  As one can see, t h e r e  
is l i t t l e  promising r e l a t i o n s h i p  between e i t h e r  biomass amounts o r  shoot- 
root  r a t i o s  on t h e  one hand and annual NDVI on the o t h e r .  (Monthly NDVI 
values  may show b e t t e r  r e l a t i o n s h i p s ,  bu t  more b i o l o g i c a l  d a t a  are needed 
i n  o r d e r  t o  test t h i s . )  
below ground) v e r s u s  annual NDVI, with  v e g e t a t i o n  symbolism, is shown i n  
Figure 6 .  
A sca t te rgram of t o t a l  s tanding  biomass (above and 
Cor re l a t ions  between monthly va lues  of AET, n e t  p roduc t iv i ty ,  and n e t  
C02 f l u x ,  on the one hand, ve r sus  monthly NDYI, are shown i n  Table 4 .  
and ne t  p r o d u c t i v i t y  main ta in  some re l a t ionsh2p  t o  NDVI throughout t h e  yea r ,  
but n e t  CO f l u x  does no t  seem t o  be  r e l a t e d  t o  t h e  NDVI i n  any c o n s i s t e n t  
geographic way. 
AET 
2 
Even product ive  vege ta t lon  (e.g. l a t e  summer i n  a dry  o r  
7 
drying situation) can be green hut be a net CO 
2 
plus decomposition exceeding gross production). 
source Ci.e. have respiration 
This vas illustrated by a 
color plate of North America (AET, NPP, C02 flux, and NDVI for September) 
in Box et al. (in review) but cannot be reproduced here. 
Conclusions 
1. NDVI values based on the current GVI product are not reliable in areas 
of complex terrain (mixed pixels, such as high mountains or coaszal 
areas), at the low end of the NDVI scale (extreme deserts or winter snow 
covers), or in irrigated areas in dry climates (artificial or natural, 
e.g. river valleys). Current NDVI data seem to be reliable elsewhere, at 
least for annually integrated totals. Use in irrigated areas may become 
possible but requires separate calibration with the appropriate data. 
2 .  Relative to the general global pattern (represented by a global 
NDVI-AET "trend" curve), montane (not alpine) and temperate mesic wooded 
sites tend to show higher annual NDVI values than comparable lowland and 
tropical sites; non-wooded sites (except tropical savannas) generally show 
elevated NDVI values relative to the global trend. 
3 .  
productivity), both net and gross, with a predictive accuracy for annual 
NPP comparable to that of climate-based NPP models. The NDVI-productivity 
relationship appears to be consistent worldwide. 
4 .  The NDVI is also closely related to actual evapotranspiration (AET), 
corroborating earlier AET-based models of primary productivity. (Annual 
NDVI seems statistically closer to AET-based estimates of annual NPP, 
though, than to annual AET itself.) 
5 .  There seems to be little reliable relationship between annually 
integrated NDVI and biomass structure across different biomes. 
The NDVI seems most closely related to primary production (or 
6. 
values in many cases. 
evident. 
this time. 
Tall evergreen conifer forests do appear to have anomalously high NDVI 
No other structure-based bias was consistently 
The apparent tropical/extra-tropical bias cannot be explained at 
7. 
winter, does not seem to invalidate boreal and polar values of annually 
integrated NDVI, which correspond to annual NPP and AET as well as do NDVI 
totals from other biomes. Monthly NDVI values in high latitudes (except 
well within the summer growing season) are less reliable, including a 
one-month springtime disappearance at some sites which seems to be 
unrelated to the terminator effect and which currently precludes NDVI 
application to study springtime phenology in high latitudes. 
8. Monthly NDVI, AET, and NPP do not appear to maintain constant 
proportional relationships to each other from month to month over a year, 
suggesting that monthly NDVI may improve current bioclimatic methods for 
estimating seasonal production variations. 
9. There seems to be little reliable relationship across different biomes 
between NDVI and net ecosystem production (CO? flux), either annually or 
monthly, due to seasonality effects and the sensitivity of the net C02 
balance (equation 4). 
The high-latitude "terminator effect," due to low sun angles in 
Amravati, India (21°N, 78"E, 3 6 8 m )  
500 
400 
F 300 
\ 
v - 200 
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m- 100 
0 Cn 
-100 
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Figure 1. Simulated Biosphere Carbon Balance for a 
Highly Seasonal Tropical Site. 
GPP = gross primary production (photosynthesis) 
R = respiration (autotrophic) 
NPAC = net primary carbon balance 
DC = decomposition of dead biomass 
AC = overall net carbon balance (= net ecosystem production) 
The simulation is by the model MONTHLYC (Box, in press; see 
also Gillette and Box 1986), using only mean monthly climatic 
data as input. 
globally developed, partially verified models or combinations 
thereof. 
(= GPP - R), also called 
net primary "production" when positive 
The individual processes are simulated by 
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(Table 1 
Vegetation: 
BL = broad-leaved 
Abbreviations 
EG = evergreen decid. = deciduous 
Seasonality: 
E = evergreen S = semi-evergreen D = deciduous X = ephemeral 
Landscape types (vegetation structure/cover): 
D = desert F = forest G = grassland I = ice cap 
K = krummholz S = semi-desert T = tundra V = savanna 
W 5 woodland X = scrub 
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